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Unrestricted Synaptic Growth in spinster—
a Late Endosomal Protein Implicated
in TGF--Mediated Synaptic Growth Regulation
are the mechanisms that control signaling from these
synaptic ligands and receptors. For example, the po-
tency and specificity of a target-derived, trans-synaptic
signal can be influenced by the number of presynaptic
receptors, by the duration of signaling from the receptor-
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ligand complex, and by the subcellular compartmental-San Francisco, California 94143
ization of downstream signaling pathways. These pa-
rameters are likely to be controlled by protein trafficking
decisions at the synapse.Summary
There is increasing evidence that the potency of inter-
cellular signaling is controlled by protein trafficking deci-In a genetic screen for genes that control synapse
sions that follow the endocytosis of activated receptor/development, we have identified spinster (spin), which
ligand complexes. It has been long known that receptor-encodes a multipass transmembrane protein. spin mu-
ligand signaling can be inactivated by endocytosis, andtant synapses reveal a 200% increase in bouton num-
that the abundance of surface receptors can be con-ber and a deficit in presynaptic release. We demon-
trolled by the regulated trafficking of receptors back tostrate that spin is expressed in both nerve and muscle
the cell surface from the early endosome versus traffick-and is required both pre- and postsynaptically for nor-
ing of receptors to the lysosome for degradation (Dimal synaptic growth. We have localized Spin to a late
Fiore and De Camilli, 2001; McPherson et al., 2001).endosomal compartment and present evidence for al-
More recently, however, it has been demonstrated thattered endosomal/lysosomal function in spin. We also
receptor-ligand complexes can remain in their activatedpresent evidence that synaptic overgrowth in spin is
state within the endosomal compartment prior to sortingcaused by enhanced/misregulated TGF- signaling.
into the lysosome or back to the cell surface (Di FioreTGF- receptor mutants show dose-dependent sup-
and De Camilli, 2001; Dubois et al., 2001; Entchev et al.,pression of synaptic overgrowth in spin. Furthermore,
2000; Lloyd et al., 2002). The implication is that signalmutations in Dad, an inhibitory Smad, cause synapse
duration and localization can be controlled by traffickingovergrowth. We present a model for synaptic growth
events far downstream of receptor activation at thecontrol with implications for the etiology of lysosomal
plasma membrane. Recent studies in Drosophila havestorage and neurodegenerative disease.
emphasized the importance of this type of signal regula-
tion during embryonic pattern formation (Dubois et al.,Introduction
2001; Lloyd et al., 2002). These studies also suggest
that the trafficking events that control intercellular sig-Synaptic growth must be precisely controlled during
naling can be influenced by other signals from sur-development and throughout life. The total size of the
rounding cells, demonstrating that trafficking decisionssynaptic arbor from a single neuron can influence synap-
can be regulated in order to specify the duration andtic efficacy and will determine the number of potential
potency of specific intercellular signaling events (Duboistargets contacted by that neuron. A number of studies
et al., 2001).have emphasized that synaptic growth regulation is
The results of our genetic screen and subsequentspecified by several interrelated processes. For exam-
analysis demonstrate the importance of the endosomal/ple, evidence suggests that a balance of synaptic
lysosomal compartment of the pre- and postsynaptic
growth and synapse retraction shapes the size of a nerve
terminal for the regulation of synaptic growth. We have
terminal (Sanes and Lichtman, 1999; Cohen-Cory, 1999;
identified mutations in spinster, which encodes a multi-
Eaton et al., 2002). The balance of growth versus retrac- pass transmembrane protein with distant homology to
tion can be influenced by competitive interactions be- sugar and monoamine transporters. spin has clear ho-
tween neighboring synapses on a single postsynaptic mologs in human, mouse, and zebrafish (Nakano et al.,
cell (Katz and Shatz, 1996; Sanes and Lichtman, 1999). 2001; Young et al., 2002). spin mutations have previously
The growth of the presynaptic terminal can also be influ- been identified as courtship defective and as having
enced by the growth of the postsynaptic cell, demon- an accumulation of ceroid lipopigment in the nervous
strated most clearly at the neuromuscular junction NMJ system (Nakano et al., 2001).
(Balice-Gordon et al., 1990; Davis and Goodman, 1998a). Here we demonstrate that spin is necessary for normal
A number of synaptic signaling molecules have been iden- synaptic growth regulation. In all spin mutations, includ-
tified that participate in these various growth-related pro- ing a newly generated null mutation, the neuromuscular
cesses including cell adhesion molecules (NCAM/FASII, synapse overgrows by more than 200% compared to
Cadherin, laminin, and integrin), growth factors (neuro- wild-type. A genetic analysis demonstrates that spin
trophins and TGF-), and other synaptic proteins is required both pre- and postsynaptically for normal
(Schuster et al., 1996; Sanes and Lichtman, 1999; Ta- synaptic growth, which is consistent with our demon-
naka et al., 2000; Aberle et al., 2002; Marques et al., stration that spin is expressed both pre- and postsynap-
2002; Huang and Reichardt, 2001). Less well understood tically at the NMJ. A cellular analysis with Spin antibod-
ies and fusion proteins demonstrates that Spin localizes
to the late endosome/lysosome in the presynaptic nerve1Correspondence: gdavis@biochem.ucsf.edu
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terminal and postsynaptic muscle. We further demon- We first determined that spin is necessary for viability,
strate that the endosomal/lysosomal compartment has demonstrating that severe spin mutations cause lethal-
a dramatically altered size and architecture in spin mu- ity at the late pupal stage. The three P element mutations
tant animals. We hypothesize that the altered architec- that reside within the spin transcript (spin1, spin4, and
ture of the endosomal system is associated with altered spin5) as well as the null allele, spin2b, are all lethal
endosomal function and causes misregulation of impor- at the pharate pupal stage. In addition, these three lethal
tant synaptic growth factor signaling. In support of this P element insertions fail to complement the spin2b
hypothesis, we present a genetic analysis that impli- and Df(2)Jp4 chromosomes with the same pupal lethal
cates enhanced/misregulated TGF- signaling as a pri- phase. RNA in situ experiments demonstrate that there
mary cause of synaptic overgrowth in spin. is a significant maternal contribution of spin that could
Recently, the TGF- signaling pathway has been dem- account for the late lethal phase (data not shown). Alter-
onstrated to be necessary for normal synaptic growth natively, spin may have a particular requirement during
at the Drosophila NMJ (Aberle et al., 2002; Marques et pupal development, or may cause a progressive defect
al., 2002). A mutation in the type II TGF- receptor wish- that is manifest as late pupal lethality.
ful thinking (wit) impairs synaptic growth and is thought
to transduce retrograde TGF- signaling at the Drosoph- spin Is Necessary both Pre- and Postsynaptically
ila NMJ. Type I TGF- receptors are encoded by thick for Normal Synaptic Growth Regulation
veins (tkv) and saxophone (sax) (Brummel et al., 1994; An analysis of synaptic morphology at the third instar
Penton et al., 1994; Nellen et al., 1994), and tkv and sax NMJ reveals a dramatic phenotype of synaptic over-
are also necessary for normal synaptic growth at the growth in all of the spin mutant combinations tested
Drosophila NMJ (Aberle et al., 2002; B. McCabe and C. (Figures 1 and 2). The phenotype of synaptic overgrowth
Goodman, personal communication). McCabe, Good- is highly penetrant, affecting every neuromuscular syn-
man, and colleagues have found that third instar larva apse examined, including muscles 6/7 and muscle 4
mutant for sax or tkv have smaller neuromuscular syn- (Figures 1 and 2) as well as muscles 12 and 13. We
apses (as cited in Aberle et al., 2001). We present genetic quantified synaptic overgrowth at muscles 6/7 by count-
evidence that synaptic overgrowth in spin is due, at least ing synaptic boutons. Individual synaptic boutons within
in part, to enhanced TGF- signaling. All three receptor the NMJ were clearly identified by staining with the pre-
mutations including wit, sax, and tkv suppress synaptic synaptic marker anti-Synapsin (Roos et al., 2000; Eaton
overgrowth in spin in a dose-dependent manner. In addi- et al., 2002). We examined bouton numbers in wild-type
tion, we demonstrate that a mutation in an inhibitory as well as four genetic controls and compared these
Smad, daughters against Dpp (Dad), causes synaptic data to quantification of seven different spin mutant
overgrowth. Thus, enhanced TGF- signaling is suffi- combinations. Bouton numbers are increased by more
cient to cause overgrowth, and this signaling is neces- than 200% in all of the strong loss-of-function mutant
sary for the synaptic overgrowth that we observe in spin. combinations (Figure 2). This remarkable synaptic over-
Based on these data, we present a model for endosomal
growth exceeds that observed in any known mutation in
regulation of synaptic growth control.
Drosophila, with the exception of the highwire mutation
(Davis and Goodman, 1998a; Wan et al., 2000). In theseResults
experiments, we have not normalized bouton numbers
to muscle size as is commonly done to account for theWe initially identified mutations in a novel gene that we
presumed growth coupling between muscle size andnamed diphthong in a large-scale genetic screen for
presynaptic growth (Davis and Goodman, 1998a, 1998b;mutations involved in the regulation of synaptic struc-
Wan et al., 2000). spin mutant muscle fibers are slightlyture and function. This gene was also identified as court-
smaller than wild-type muscle fibers on average. There-ship defective and recently published as the spinster
fore, if coupling between muscle growth and presynap-gene (Nakano et al., 2001). We now refer to our mutations
tic growth persists in the spin mutant background, thenas spinster. We first identified a single spinster mutation
we have significantly underestimated the increase in(EP(2)0822; referred to hereafter as spin1; see Figure 1)
synapse size compared to wild-type by not normalizingand subsequently identified four new P element alleles
bouton counts to muscle volume.of spin based on a screen of available databases. All of
There are several examples of mutations that changethese alleles are predicted to be hypomorphic loss-of-
bouton number but do not change synapse area be-functional mutations based on the P element insertion
cause altered bouton number is compensated by ansites (Figure 1). In order to isolate a null allele of spin,
opposing change in the size of individual boutons (Stew-we generated a small deficiency (spin2b; Figure 1) us-
art et al., 1996; Roos et al., 2000; Pennetta et al., 2002).ing the technique of male recombination from the spin1
By contrast, we demonstrate that the dramatic increaseP element (Preston et al., 1996). The spin2b deficiency
in bouton number in spin does cause an expansion ofdeletes approximately 5 kb of sequence including the
total synaptic area. We have measured synaptic spanentire first coding exon of spin, which is common to all
and find that this parameter is increased by more thanknown splice variants of this gene, as well as the majority
200% (data not shown). More importantly, we demon-of the first intron (the deficiency breakpoints were deter-
strate that the average bouton size is normal despitemined by sequence analysis). We have also identified a
the observed 200% increase in bouton number. Welarge deficiency that uncovers the spin locus (Df(2)Jp4)
measured the two-dimensional area of individual synap-(Saxton et al., 1991). Subsequent genetic and molecular
tic boutons from wild-type and spin mutant synapsesdata support the conclusion that spin2b is a null muta-
tion (see below). at muscles 6/7. The 2D bouton surface area of each
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Figure 1. spinster Mutations Cause Synaptic
Overgrowth
(A) A schematic of the spinster locus shows
the approximate location of P element inser-
tional mutations. Red boxes indicate coding
sequence, and gray boxes indicate untrans-
lated sequence. The breakpoints of the small
deletion Df spin2b are indicated by the la-
beled horizontal black bar. The entire locus
is removed in the deficiency stock Df(2)Jp4.
(B and C) Anatomical analysis reveals synap-
tic over-growth at muscles 6/7, hemisegment
A2 comparing wild-type (B) with the spin null
mutation (C).
(D and E) Synaptic overgrowth is also ob-
served at muscle 4, hemisegment A3 compar-
ing wild-type (D) with the spin null (E).
individual bouton within a synapse was measured, and In order to determine whether spin is necessary in
the neuron or the muscle for normal synaptic growththese numbers were then averaged across several syn-
apses for each genotype, including several hundred regulation, we have rescued the spin mutant phenotype
by overexpression of a spin cDNA (UAS-spin) using tis-boutons per genotype. Average bouton size in spin is
not significantly different from wild-type (wt 5.6m2  sue-specific GAL4 drivers that express in either the
nerve (elav-GAL4), the muscle (MHC-GAL4), or ubiqui-0.52; spin2b/Df(2)Jp4 5.49m2  0.39). Thus, synap-
tic growth is enhanced at spin mutant synapses. tously (tubulin-GAL4). The cDNA used for rescue experi-
Figure 2. A Genetic Analysis and Quantification of Synaptic Overgrowth in spin
(A) Bouton numbers are significantly increased compared to wild-type in all spinster mutant combinations quantified at muscles 6/7 hemiseg-
ment A3. Heterozygous mutations (hatched bars) also show a significant (30%) increase in bouton number (p  0.016, comparing spin1/
or spin5/ to wild-type).
(B) Global overexpression of spin (UAS-spin; Tub-GAL4) has no effect on bouton number (hatched bar, OE). However, global expression of
UAS-spin can rescue synaptic overgrowth in spin to wild-type levels (RESCUE). There is no significant difference comparing spin4/spin5;
UAS-spin/Tub-GAL4 to wild-type; p  0.1 (open bar, pre-  post). Expression of spin in either nerve (elav-GAL4) or muscle (MHC-GAL4) in
the spin mutant background partially rescues the synaptic over-growth phenotype toward wild-type (open bar, pre-; p  0.001 compared to
wt and compared to spin4/spin5; open bar, post; p0.001 compared to wt and compared to spin4/spin5). In each case, bouton numbers are
also significantly increased compared to heterozygous spin/ controls (p 0.01; compare between graphs in [A] and [B]). Number of synapses
analyzed are indicated above bars.
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ments is annotated as type III by Nakano et al. (2001) and
is one of the two most abundantly expressed isoforms of
the gene (Nakano et al., 2001). Overexpression of UAS-
spin by the ubiquitous tubulin-GAL4 promoter does not
alter synapse morphology (Figure 2), larval crawling be-
havior, or viability (data not shown). Thus, there is no
phenotype associated with Spin overexpression. How-
ever, when tubulin-GAL4 is used to overexpress UAS-
spin in the spin mutant background, we are able to
completely rescue bouton numbers to wild-type (Figure
2, RESCUE). We further demonstrate that the overex-
pression of UAS-spin specifically on either the presyn-
aptic (elav-GAL4) or postsynaptic (MHC-GAL4) side of
the synapse achieves only partial rescue of the synaptic
overgrowth phenotype (Figure 2, RESCUE). Thus, our
data argue that spin is required on both sides of the
synapse for normal synaptic growth regulation.
Synaptic Overgrowth Is Associated
with Impaired Neurotransmission
In order to determine whether synaptic overgrowth in
spin is associated with altered synaptic function, we
quantified synaptic transmission at muscles 6/7 in wild-
type, spin, and rescue larvae. Despite synaptic over-
growth, quantal content is decreased in the spin mutant
background by approximately 50% (Figure 3). There is
no change in quantal size (Figure 3), resting potential,
or muscle input resistance at spin mutant synapses.
These data are consistent with a deficit in presynaptic
transmitter release in the spin mutations.
We next pursued experiments to rescue the deficit in
presynaptic release with UAS-spin transgenes ex-
pressed either pre- or postsynaptically. Surprisingly, the
rescue experiments demonstrate that spin is required
either pre- or postsynaptically for normal presynaptic
transmitter release (Figure 3). Expression of UAS-spin
presynaptically rescues synaptic function to wild-type
levels, as does expression of UAS-spin in muscle (Figure
3, Rescue). These data are in contrast to results demon-
strating that spin is required both pre- and postsynapti-
cally for normal synaptic growth (overgrowth is only
Figure 3. Loss of spinster Impairs Presynaptic Transmitter Releasepartially suppressed when spin is rescued on only one
A spinster loss-of-function mutation reduce presynaptic transmitterside of the synapse). One possible explanation is that the
release (quantal content) by nearly 50% (p  0.001; n  10 for eachdeficit in synaptic function is secondary to the dramatic
genotype). Neuronal or muscle overexpression of UAS-spinster in
synaptic overgrowth observed at spin mutant synapses. the spin4/spin5 mutant background using elav-GAL4 or MHC-GAL4
Partial rescue of synaptic overgrowth may enable nor- rescues impaired presynaptic release to wild-type (Rescue). There
mal synaptic function by bringing synaptic overgrowth is no change in quantal size in spinster mutants, or when UAS-
spinster is overexpressed in the mutant background (Rescue). Sam-below the threshold that normally causes synapse dys-
ple traces are shown at top. Calibration is as follows; top 5mV/50function. The alternative is that spin supplies some nec-
ms, bottom 2mV/650 ms.essary component to functional synapse development
that can be contributed from either the pre- or postsyn-
aptic side of the synapse.
ment at the NMJ (Figure 4). The expression of spin wasImportantly, the expression of spin specifically in ei-
first assessed by embryonic in situ hybridization (Figurether muscle or neurons also rescues the viability of the
4A). Expression was observed throughout the CNS, in-spin mutant animals to wild-type levels. Less than 1%
cluding motoneurons. Weak expression was observedof spin null mutants and only 23% of hypomorphic spin
in embryonic muscle as well as other tissues (data not(spin4/spin5) animals are adult viable. However, when
shown). However, we are most concerned with the larvalUAS-spin is expressed in either neurons (elav-GAL4 or
expression of spin since this is the time period of synap-D42-GAL4) or muscle (MHC-GAL4) adult viability in the
tic growth. Unfortunately, RNA in situ analysis in thespin4/spin5 animals is restored to 100%.
larval CNS and muscle is particularly difficult to interpret.
Therefore, we have determined the spin expression pat-Expression and Localization of Spinster
tern in larvae by driving a GFP-tagged spin transgenespin is expressed in both motoneurons and muscle
throughout the period of synaptic growth and develop- (the same isoform used in our rescue experiments) with
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Figure 4. spin Is Expressed in Both Neurons
and Muscle
(A) An embryonic in situ demonstrates high
levels of expression in the central nervous
system (CNS). Staining is observed through-
out the CNS and likely includes the motoneu-
rons as well as glia.
(B) spin-GAL4 is used to drive the expression
of UAS-spin-GFP to determine the expres-
sion pattern of the spin promoter in the larval
CNS and muscle. In the larval CNS we ob-
served Spin-GFP expressed at high levels in
a subset of cell bodies that include motoneu-
rons. A 2D projection of confocal sections is
shown at left (2D projection) indicating the
position of individual soma (see arrows) rela-
tive to the CNS midline (dotted line). A single
confocal section (Confocal Section) is shown
at right to highlight the peri-nuclear rings of
Spin-GFP puncta that are present in the CNS
soma (arrows).
(C) Spin-GFP is expressed throughout larval
muscle and is concentrated in a peri-nuclear
region. The nucleus (n) was identified by No-
marski visualization and then compared with
the fluorescent image. The neuromuscular
synapse is visualized using anti-Synapsin
(red).
a spin promoter—GAL4 fusion (Nakano et al., 2001). immunoreactive puncta are observed in a peri-nuclear
pattern in neurons and muscle, and these puncta areWhen spin-GAL4 is used to drive expression of UAS-
spin-GFP, we observe Spin-GFP expression throughout widely distributed throughout muscle fibers. In addition,
we also demonstrate that Spin puncta are present withinthe larval CNS with pronounced expression in motoneu-
rons (Figure 4B). We also observe strong expression in the presynaptic nerve terminal. We first costained the
NMJ with anti-Synapsin and anti-Spin. Three-dimen-all body wall muscle (Figure 4C) as well as other tissues,
including a subset of epithelial cells and the salivary sional optical reconstruction of individual synaptic bou-
tons by confocal microscopy demonstrates that Spinglands (data not shown). In these experiments, Spin-
GFP localizes to a peri-nuclear region in both larval immunoreactive puncta are present within the volume
of the presynaptic Synapsin staining (Figure 5C). Toneurons and larval muscle (Figures 4B and 4C). Spin-
GFP fluorescence is also observed throughout the mus- further demonstrate the presence of Spin in the presyn-
aptic nerve terminal, we have fixed and stained animalscle (Figure 4C) and is observed in the nerves that include
both sensory and motor axons (data not shown). Be- expressing Spin-GFP presynaptically and costained
with anti-Synapsin. Spin-GFP puncta are clearly presentcause Spin-GFP puncta are present in both the nerve
and underlying muscle, it is difficult to determine within the presynaptic nerve terminal (Figure 5D).
whether Spin-GFP puncta are present within the presyn-
aptic nerve terminal in these experiments. These GFP- Spinster Localizes to a Late Endosomal/
Lysosomal Compartmentpositive puncta are suggestive of a late endosomal local-
ization pattern in nerve and muscle. The size and distribution of the Spin-positive puncta are
suggestive of a late endosomal/lysosomal distribution.To assess the localization of the endogenous Spin
protein, we have raised an antibody against Spin using We therefore tested for colocalization of Spin with
known endosomal and lysosomal markers. Unfortu-a combination of two peptides, one being an N-terminal
peptide represented in all splice forms of the protein nately, there is a paucity of endosomal/lysosomal mark-
ers in Drosophila. Therefore, we first examined the sub-and the second being a peptide to a region between
transmembrane domains 11 and 12 that is present in cellular localization of Spin-GFP in mammalian cells. We
find near perfect colocalization of Spin-GFP with LAMP-1four of the five isoforms of spin (see Experimental Proce-
dures). Two experiments demonstrate the specificity of (a lysosomal marker) in HeLa cells, indicating that Spin
is localized to the lysosome in these cells (Figure 6A).our antibody for the Spin protein. First, the antibody
colocalizes with Spin-GFP expressed in both the nerve The lysosomal localization of Spin-GFP is not influenced
by where the GFP is located on the transgene. Unfortu-and muscle (data not shown). The specificity of the anti-
body is further demonstrated by the absence of antibody nately, anti-LAMP-1 does not recognize Drosophila ly-
sosomes, and there are no other known lysosomal mark-staining in the null mutations (Figures 5A and 5B). Using
this antibody we are able to confirm the widely distrib- ers in the fly. However, we are able to demonstrate that
Spin-GFP (driven by spin-GAL4) is specifically localizeduted punctate staining pattern that is observed when
UAS-spin-GFP expression is driven by spin-GAL4. Spin to a low pH compartment identified by the lysotracker
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these animals closely matches the endogenous protein
distribution detected with our antibody. The location of
muscle nuclei in these experiments was determined by
visualization with Nomarski optics. These data suggest
that Spin is localized to a lysosomal compartment in vivo.
We have also tested a battery of endosomal markers
for colocalization with Spin-GFP and anti-Spin. We ob-
serve partial colocalization of Spin with anti-Hrs, particu-
larly in the peri-nuclear region in neurons and muscle
(Figure 6C, arrows). It is notable that Hrs immunoreactiv-
ity in muscle is concentrated to the subsynaptic reticu-
lum (SSR), a series of postsynaptic muscle folds of un-
known function, whereas Spin does not localize to this
site. We have also examined colocalization with anti-
Rab5 (early endosome), anti-Hook (late endosome), and
anti-Deep Orange (late endosome) (Kra¨mer and Phistry,
1996; Narayanan et al., 2000). We observe partial overlap
between Spin and both anti-Hook and anti-Dor. How-
ever, more frequently these markers reside in a vesicle-
like compartment that appears immediately adjacent to
the Spin vesicle-like compartment (data not shown). We
do not observe any colocalization or juxtaposition of
Spin with anti-Rab5 (data not shown). Taken together,
these data support the conclusion that Spin localizes to
a late endosomal/lysosomal compartment in Drosophila
muscle. In motoneurons, the perinuclear localization is
also consistent with a late endosomal/lysosomal local-
ization. The identification of lysosomes at the synapse
is more controversial, though lysosomes have been ob-
served at newly formed and developing synapses and
have been found to distribute down axons, being con-
centrated at the nodes of Ranvier (Broadwell and Ca-
taldo, 1984; Gatinsky and Berthold, 1990; Parton et al.,
1992; Nixon and Cataldo, 1995; Overly and Hollenbeck,
1996). At the Drosophila NMJ, electron microscopy dem-
Figure 5. Spin-Positive Compartments Are Present within Presyn- onstrates that multivesicular bodies (MVB) are present
aptic Boutons and Are Broadly Distributed in Muscle within wild-type synaptic terminals at the NMJ (R.D.
(A) A portion of a synapse at muscles 6/7 in wild-type stained with Fetter and G.W. Davis, personal communication). These
anti-Spin (red) and anti-Synapsin (green). MVB are sparsely distributed throughout synaptic bou-
(B) Spin-positive puncta are absent in the null mutation (spin2b/ tons in a manner that is consistent with anti-Spin immu-
Df(2)Jp4), demonstrating that the anti-Spin antibody specifically rec-
noreactivity. We conclude, therefore, that Spin identifiesognizes the Spin protein.
a late endosomal/lysosomal compartment in muscle(C) Three-dimensional optical reconstruction of an individual bouton
and within the presynaptic nerve terminal.demonstrates the presence of Spin-positive puncta presynaptically.
At left is a 2D projection image of a single bouton stained for anti-
Synapsin (red) showing apparent presynaptic Spin staining (green) Altered Size and Distribution of a Late Endosomal/
as well as postsynaptic muscle staining (2D projection; arrow). At
Lysosomal Compartment in spinright (3D) are sections from the 3D reconstruction of the bouton
The localization of Spin to a late endosomal/lysosomalshown at left. The central panel shows a single confocal optical
compartment, and the previous evidence that spin muta-section with several presynaptic Spin puncta (arrow). These puncta
are contained within the volume of this bouton as demonstrated by tions are associated with accumulation of ceroid lipofus-
examining the Z dimension of the reconstructed bouton (arrows, cin (Nakano et al., 2001) prompted us to examine the
[Za] and [Zb]) reflected in two orientations. late endosomal architecture in nerve and muscle in spin
(D and E) A portion of the synapse from muscle 6/7 in which Spin-
mutations. Lysotracker was used to compare the lateGFP is expressed presynaptically (elav-GAL4) to reveal multiple pre-
endosomal compartments in wild-type and spin mutantsynaptic Spin-positive puncta (green). The synapse is costained
backgrounds. We observe a dramatic expansion of awith anti-Synapsin (red).
low pH compartment in spin mutant muscle (Figures
7A and 7B). The peri-nuclear localization and banding
pattern of this low pH compartment in muscle is consis-vital dye (Figure 6B). The perinuclear localization of this
low pH compartment, and its scattered distribution radi- tent with the localization of late endosomes/lysosomes
in vertebrate skeletal muscle as determined by electronating from the nucleus, is consistent with the localization
of the late endosomal/lysosomal compartment in skele- microscopy (Kaisto et al., 1999).
Importantly, we also observe a dramatic expansiontal muscle as determined by electron microscopy
(Kaisto et al., 1999). In these experiments, UAS-spin- of a low pH compartment within the presynaptic nerve
terminal. In these experiments, FITC-conjugated anti-GFP is driven by spin-GAL4, and the GFP localization in
Spinster Suppresses Synaptic Growth
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Figure 6. Spinster Localizes to a Low pH, Late Endosomal Compartment
(A) Overexpression of spin-GFP in HeLa cells colocalizes with the lysosomal marker LAMP-1.
(B) The acidophilic marker lysotracker colocalizes with spin-GFP expressed using spin-GAL4. A muscle nucleus is labeled (n).
(C) An antibody to the late endosomal protein Hrs colocalizes in a peri-nuclear pattern with Spin-GFP expressed using spin-GAL4. Note that
there is not colocalization of anti-Hrs with Spin-GFP at the subsynaptic region (one bouton within the synapse is labeled [b]). A muscle nucleus
is labeled (n).
HRP was used in combination with the lysotracker in a To further investigate the expansion of the late endo-
somal system, we have assessed the staining intensitylive staining protocol. FITC-anti-HRP efficiently stains
extracellular epitopes on the presynaptic membrane of a variety of late endosomal markers in muscle, com-
paring wild-type with spin mutant muscle. Anti-Hrs, anti-during the time of lysotracker staining. This allows us
to visualize lysotracker-positive compartments that are Deep Orange, and anti-Cathepsin-L all have significantly
elevated staining intensity in spin mutant muscle andpresent within the presynaptic nerve terminal. At spin
mutant NMJ, we observe that there are increased num- presynaptic terminals compared to wild-type (data not
shown). Although the staining intensity is increased, thebers of presynaptic lysotracker-positive puncta, and
most notably, these puncta are significantly enlarged in staining pattern is grossly normal for these proteins with
the exception of anti-Dor. Anti-Dor staining is normallysize (Figure 7D, arrows). At spin synapses, nearly all of
the large boutons contain a large low pH compartment. concentrated to the SSR at the postsynaptic side of the
synapse (Narayanan et al., 2000; and data not shown).Lysotracker staining of the wild-type synaptic terminals
rarely identified such a compartment (Figure 7C). How- In spin mutant muscle anti-Dor is no longer strongly
concentrated to the SSR but is now distributed through-ever, on occasion these compartments were observed
at one or two boutons within a wild-type synapse (Figure out the muscle, giving the appearance that Dor is no
longer localized to the SSR. Since Dor expression is7E, feathered arrows). Three-dimensional reconstruc-
tion of lysotracker-positive synaptic boutons demon- elevated throughout the muscle, we hypothesize that
this reflects a redistribution of this protein throughoutstrates that the low pH compartments are present within
the volume of the presynaptic bouton (Figure 7E). Taken the endosomal system rather than a loss of Dor from
the postsynaptic membranes. Finally, there is no changetogether these data demonstrate a dramatic expansion
and alteration of the late endosomal compartment in in the expression or distribution of the early endosomal
protein Rab5, indicating that these changes are specificboth the presynaptic nerve-terminal and in muscle. En-
dosomal expansion has been observed in Hrs mutations to the late endosomal compartment. These data further
support the conclusion that the loss of spin causes anin Drosophila embryos and mice (Komada and Soriano,
1999; Lloyd et al., 2002). Giant endosome/lysosomes have expansion and possibly a disruption of the late endo-
some compartment in Drosophila.also been observed in patients with Chediak-Higashi syn-
drome and in mutant beige mice (Barbosa et al., 1996). Protein trafficking decisions within the endosomal
system can influence intracelluar signaling by specifyingThese structures are thought to arise from dysregulated
homotypic fusion (Barbosa et al., 1996). We hypothesize, whether receptors are returned to the plasma membrane
or targeted for degradation. Thus, a disruption of endo-therefore, that normal late endosomal function is per-
turbed in the spin mutant background. somal function could enhance growth factor signaling
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and lead to synaptic overgrowth. TGF- has recently
been implicated in the regulation of synaptic growth at
the Drosophila NMJ (Aberle et al., 2002; Marques et al.,
2002). It was demonstrated that a mutation in the type
II TGF- receptor wit causes a significant decrease in
bouton number. To test whether enhanced TGF- sig-
naling causes synaptic overgrowth in the spin mutant
background, we have pursued a genetic analysis of
TGF- signaling at the wild-type and spin mutant
synapse.
Mutation of an Inhibitory Smad Causes
Synaptic Overgrowth
We hypothesize that enhanced or unregulated growth
factor signaling is the cause of overgrowth in spin, and
therefore, we first tested whether enhanced TGF- sig-
naling is sufficient to cause synaptic overgrowth. If TGF-
signaling is sufficient to cause enhanced synaptic
growth, then a mutation in a negative regulator of TGF-
signaling is predicted to cause an increase in bouton
number. Daughters against DPP (Dad) encodes an inhib-
itory Smad that negatively regulates TGF- signaling in
Drosophila and other systems (Tsuneizumi et al., 1997;
Inoue et al., 1998). We examined synapse morphology
in a strong loss-of-function Dad mutation that is viable
to third instar larvae (see Experimental Procedures). Dad
mutant synapses reveal a dramatically altered morphol-
ogy with increased numbers of clearly distinct, small
boutons that sprout from what appears to be the normal
synaptic process (Figure 8). This is a highly penetrant
phenotype and is observed at muscles 6/7 and muscle
4 (Figure 8). Quantification of total synaptic bouton num-
ber demonstrates a significant increase in bouton num-
bers that is nearly equivalent to that observed in the
spin mutant (Figure 8). These data demonstrate that
enhanced TGF- signaling can cause synaptic over-
growth.
Figure 7. Expansion of the Late Endosomal/Lysosomal Compart- TGF- Receptor Mutations Suppress Synaptic
ment Pre- and Postsynaptically in spin Overgrowth in spin
(A and B) Lysotracker staining of wild-type muscle (A) and muscle To determine whether synaptic overgrowth in spin is
in the spin null mutation (B). There is a substantial expansion of the
caused by enhanced TGF- signaling, we asked whetherlysotracker-positive compartment in spin compared to wild-type.
TGF- signaling is necessary for synaptic overgrowthImages were taken at identical exposure and are equally calibrated.
in spin. The type II receptor mutation wit causes a severeMuscle nuclei are labeled (n).
(C) Lysotracker staining at a wild-type NMJ (red) with the nerve decrease in bouton number at the NMJ (Aberle et al.,
terminal membrane visualized in living unpermeabilized tissue using 2002; Marques et al., 2001). Type I TGF-ß receptors are
FITC-conjugated anti-HRP (green). known to function in concert with type II receptors, and
(D) Lysotracker and anti-HRP visualization of the synapse in a spin
the type I receptors tkv and sax participate in synapticnull mutant. There is increased muscle lysotracker staining. The
growth regulation in this system (C. Goodman and B.nerve staining allows the localization of large lysotracker-positive
McCabe, personal communication). McCabe, Good-vesicles to presynaptic boutons (arrows). The lysotracker-positive
compartments are distributed throughout the presynaptic nerve ter- man, and colleagues have found that third instar larva
minal. mutant for sax or tkv have smaller neuromuscular syn-
(E) Three-dimensional reconstruction of a wild-type synapse in apses (as cited in Aberle et al., 2001). Here we confirm
which two lysotracker puncta are observed within the presynaptic
both that there is a significant decrease in bouton num-nerve terminal. The 2D projection image at left clearly shows the
ber in wit, and that there is a similar decrease in boutonlysotracker puncta as outlined by the nerve terminal. 3D reconstruc-
number in both tkv and sax (Figure 9). We further confirmtion and sectioning of this synapse is shown at right. The large panel
is a single confocal section. (Za) and (Zb) show the Z dimension that these receptors function in the larval motoneurons
reflected along the thin vertical and horizontal lines that intersect by demonstrating that pMAD staining in the cell bodies
the lysostracker-positive puncta. Note that many boutons are hollow of larval motoneurons requires wit or sax (data not
(filled arrows) and do not contain lysotracker staining, whereas in
shown; C. Goodman and B. McCabe, personal commu-spin mutant terminals the majority of large boutons show this type
nication). In this experiment, we costained the larvalof compartment, as seen in (D).
CNS with pMAD and anti-evenskipped, which labels a
subset of motoneurons.
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Figure 8. Synaptic Overgrowth in dad
(A1 and A2) Examples are shown for the syn-
apse on muscles 6/7 for the heterozygous
control dad271-68/ and the homozygous mu-
tation dad271-68/dad271-68.
(B1 and B2) Examples of the synapse on mus-
cle 4 for the heterozygous control dad271-68/
and the homozygous mutation dad271-68/
dad271-68.
(C) Quantification of boutons numbers for the
synapse on muscles 6/7 in abdominal seg-
ment 3. There is a statistically significant in-
crease in bouton number in dad compared
to wild-type and heterozygous controls (p 
0.001).
A genetic analysis of the TGF- receptor mutations Taken together with the increase in bouton numbers
seen in dad, these data support the conclusion thatwit, tkv, and sax in combination with spin demonstrates
that TGF- signaling is necessary for synaptic over- enhanced or misregulated TGF- signaling is a major
determinant of synaptic overgrowth in spin. We hypoth-growth in spin. We first demonstrate that heterozygous
mutations in tkv, sax, and wit do not alter synaptic bou- esize that altered endosomal function due to loss of
Spin causes enhanced TGF- signaling and subsequentton numbers at the NMJ (Figure 9C). We next demon-
strate that heterozygous mutations in tkv, sax, and wit synaptic overgrowth. Future experiments will be neces-
sary to determine whether enhanced signaling is due tosuppress synaptic overgrowth when placed in the spin
mutant background. Bouton numbers are significantly increased receptor number at the plasma membrane,
or an inability to stop signaling within the late endosomalreduced in each case where a single copy of a receptor
is mutated in combination with spin (p 0.001). We then system.
quantified bouton numbers in each of the double mutant
combinations of tkv, sax, or wit with spin. In each case, Discussion
when we removed both copies of a receptor, we sup-
press synaptic overgrowth in the spin mutant back- In this study, we demonstrate that the spinster gene is
necessary, both pre- and postsynaptically, for the nor-ground further than when only a single copy of a receptor
was mutated (Figure 9C; p 0.001). These data demon- mal regulation of structural and functional synaptic de-
velopment at the Drosophila NMJ. Bouton numbers arestrate that TGF- receptor mutations suppress synaptic
overgrowth in spin in a dose-dependent manner. Fur- increased by more than 200%, and presynaptic release
is impaired. We further demonstrate that Spin is a trans-thermore, since bouton numbers return to wild-type,
or below wild-type levels, it demonstrates that TGF- porter-like protein that localizes to the late endosome/
lysosome and is necessary for the normal architecturesignaling is necessary for synaptic overgrowth in spin.
Figure 9. TGF- Signaling Is Necessary for Synaptic Overgrowth in spin
Mutations in the type I receptors thick veins (tkv) and saxophone (sax) significantly reduce bouton numbers.
(A1–A3) Examples are shown for the synapse on muscles 6/7 in segment A3 for the heterozygous control tkv/ (A1) and homozygous mutations
in tkv (A2) and sax (A3). See Experimental Procedures for exact genotypes.
(B1–B3) Examples of the same genotypes in (A) are shown for the synapse on muscle 4.
(C) Quantification of bouton numbers for the synapse at muscle 6/7 in segment A3 for the following genotypes: wild-type and heterozygous
controls (black bar, controls), homozygous receptor mutations and homozygous spin mutation (open bars), heterozygous TGF- receptor
mutations in the spin mutant background (hatched bars, heterozygous receptor; spin), and homozygous TGF- receptor mutations in the spin
mutant background (gray bars, double mutant). See Experimental Procedures for exact genotypes.
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of the late endosomal/lysosomal compartment. We hy- tants in both Drosophila and mice, indicating that this
may be a response to the loss of an important residentpothesize that unrestricted synaptic growth in spin is
caused by unregulated growth factor signaling due to protein (Barbosa et al., 1996; Lloyd et al., 2002). Impor-
tantly, the endosomal expansion in Hrs mutations incompromised signal regulation in this compartment. In
support of this hypothesis, we present several lines of Drosophila is also associated with impaired endosomal
function (Lloyd et al., 2002). Additional evidence thatevidence demonstrating that elevated TGF- signaling
in the spin mutant background is a major cause of the spin mutations disrupt synaptic endosomal/lysosomal
function is the previous demonstration of ceroid lipidsynaptic overgrowth in spin. In so doing, we have also
elaborated upon the complexity of TGF- signaling at accumulation in spin animals. We have confirmed the
presence of characteristic-enhanced autofluorescencethe Drosophila NMJ.
in both nerve and muscle in spin (data not shown). Based
on all of these data, we hypothesize that spin is neces-Evidence for Altered Late Endosomal Function
sary for the normal function of the synaptic late endoso-in spin
mal/lysosomal compartment.Our data are consistent with Spin being localized to the
late endosomal/lysosomal compartment both pre- and
postsynaptically at the NMJ. The Spin protein localizes Endosomal Regulation of Synaptic Growth
How might endosomal malfunction be related to synap-to lysosomes in heterologous cells. Spin-GFP and Spin
antibodies reveal a peri-nuclear localization within a low tic overgrowth? One possibility is that there is excessive
or aberrant growth factor signaling from the endosomepH compartment that is consistent with a lysosomal
localization. The additional broad distribution of Spin in spin mutations. It has recently become clear that sig-
naling from activated plasma membrane receptors canin muscle is consistent with the known distribution of
lysosomes in vertebrate skeletal muscle as determined continue in the endosomal compartment (Di Fiore and
De Camilli, 2001). Thus, the duration of any given signal-by electron microscopy (Kaisto et al., 1999). At the pre-
synaptic terminal, we also observe Spin-positive puncta ing event could be controlled in the endosomal system,
and a defect in this processing could dramatically pro-of this same size. The frequency and distribution of
these puncta agree with the presence of multivesicular long potent growth-related signals. Two recent studies
have demonstrated the importance of the late endoso-bodies within wild-type synaptic terminals as assayed
by electron microcopy (data not shown) that could rep- mal system for the regulation of intercellular signals such
as wingless, Dpp, and epidermal growth factor (DuBoisresent either late endosomal or lysosomal structures
(Blott and Griffiths, 2002). et al., 2001; Entchev et al., 2000; Lloyd et al., 2002). A
variation of this model is based on well-known sortingAlthough lysosomes are generally not observed at
mature synapses in the CNS, lysosomes have been ob- decisions that determine whether receptors are deliv-
ered back to the plasma membrane or are degraded inserved at newly formed presynaptic terminals and are
observed to accumulate within presynaptic terminals the lysosome. If sorting decisions are altered in spin, it
is possible that receptors are sorted back to the plasmain lysosomal storage and neurodegenerative disease
(Broadwell and Cataldo, 1984; Parton et al., 1992; Nixon membrane and cause enhanced growth factor signaling
from the synaptic plasma membrane.and Cataldo, 1995). Furthermore, there is evidence for
lysosomes within the axon that appear to concentrate These models beg the question of whether synaptic
overgrowth in spin is due to gross misregulation of syn-to the nodes of Ranvier (Gatinsky and Berthold, 1990;
Overly and Hollenbeck, 1996). In other studies, a synap- aptic signaling. The synaptic overgrowth observed in
spin is extreme (200% increase in bouton number) andtic compartment considered to be prelysosomal has
been described that may have a limited capacity for far exceeds the effect of mutations in other synaptic
signaling molecules which, in general, alter synapticprotein degradation (Nixon and Cataldo, 1995). An inter-
esting feature of lysosomal protein degradation is that growth in the range of a 20%–50% change in bouton
number (Schuster et al., 1996; Davis and Goodman,this activity can be regulated and has been proposed
as a means for postmitotic cells to control cell size 1998a; Sanyal et al., 2002). It is possible, therefore, that
many different signaling molecules are altered simulta-though regulated autophagy (Hollenbeck and Bray,
1987; Nixon and Cataldo, 1995). neously due to altered endosomal function in spin,
thereby generating the observed synaptic overgrowth.Several lines of evidence suggest that spin is neces-
sary for the normal function of the synaptic late endoso- However, if this were the case, one might predict that
any disruption of the late endosomal system wouldmal/lysosomal system. In spin, there is a dramatic
expansion of this compartment both pre- and postsyn- cause synapse overgrowth. Previously, two synaptic en-
dosomal proteins have also been examined for synapticaptically as assayed by lysotracker staining and by im-
munostaining for a number of late endosomal markers growth defects, Hook and Deep Orange (Kra¨mer and
Phistry, 1996; Narayanan et al., 2000). Hypomorphic mu-including Hrs, Dor, and Cathepsin-L. This expansion is
particularly striking at the presynaptic terminal where tations in these genes caused changes in synaptic
growth of approximately 10%–25%, far less than thatlarge, low pH vesicles are observed within many synap-
tic boutons. These structures are rarely observed in observed in spin. It is unlikely that the discrepancy be-
tween hook and dor versus spin is due to entirely towild-type. We suspect that these large low pH structures
are an expansion of the Spin-positive synaptic compart- differences in the severity of the mutations since even
heterozygous spin larvae show an increase in synapticments that are normally much smaller in size within the
wild-type presynaptic terminal. Interestingly, a similar growth that can exceed 30%, and hypomorphic muta-
tions show synaptic growth that exceeds 100%. Oneexpansion of endosomes has been observed in Hrs mu-
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interesting possibility is that the extraordinary over- synapse expansion (Davis and Goodman, 1998a). How-
ever, once again, synapse expansion only occurs in thegrowth in spin mutants is caused by the misregulation
of a specific signaling pathway that is not affected by range of 20%–50% overgrowth when adhesion mole-
cules are mutated.Hook and Deep Orange-dependent protein trafficking.
Only two mutations have been identified that can
cause synaptic expansion on a scale of 200% over-Evidence that Enhanced TGF- Signaling Is
growth, highwire and spin. highwire encodes a putativeNecessary for Synaptic Overgrowth in spin
E3 ubiquitin ligase (DiAntonio et al., 2001). Thus, bothA previous genetic analysis demonstrated that muta-
spin and highwire appear to function in protein traffick-tions in the type II TGF- receptor wit causes a decrease
ing or membrane sorting decisions, most likely in thein bouton number (Aberle et al., 2002; Marques et al.,
endosomal/lysosomal system. In addition, two overex-2002). However, it was not previously demonstrated
pression experiments have demonstrated this type ofwhether enhanced TGF- signaling could cause synap-
overgrowth; the overexpression of an ubiquitin hy-tic overgrowth. We addressed this issue by examining
drolase (DiAntonio et al., 2001) and the overexpressionsynapse morphology in Dad mutations. Dad is an inhibi-
of a dominant-negative NSF (Stewart et al., 2002). Thesetory Smad previously demonstrated to cause enhanced
data suggest an alternate logic for synaptic growth con-TGF- signaling in Drosophila and other systems (Tsu-
trol. In this model, the pre- or postsynaptic release of aneizumi et al., 1997; Inoue et al., 1998). Bouton numbers
growth factor is the trigger for synaptic growth. How-are significantly increased in dad, demonstrating that
ever, the regulated release of growth factor is not in-TGF- signaling is sufficient to cause synapse over-
structive and may exceed the amount necessary for thegrowth.
precise growth of the synapse. Precision is achievedWe next tested genetically whether TGF- signaling
by sculpting excessive growth factor signaling in theis required for the synaptic overgrowth observed in spin.
endosomal/lysosomal system. Therefore, when theHeterozygous TGF- receptor mutations in the type II
function of this system is perturbed, as in spin and high-receptor wit as well as the type I receptors tkv and sax
wire, dramatic synapse expansion ensues. An intriguingall suppress synaptic overgrowth in spin. When double
possibility is that the activity of the endosomal/lyso-mutations between spin and these receptors are exam-
somal system could be modulated by intercellular sig-ined, synaptic overgrowth is further suppressed to wild-
naling (Dubois et al., 2001) as well as intrinsic factors.type numbers (tkv-spin) or even further than wild-type
(sax-spin or wit-spin). These data argue that TGF- sig-
Implications for the Etiology of Lipid Storagenaling is necessary for synaptic overgrowth, and that
and Neurodegenerative Diseaseenhanced TGF- signaling is one of the primary causes
The spin phenotype is a candidate for a model of lyso-of synaptic overgrowth in spin.
somal storage disease. Strong spin mutations show aThese data also speak to the complexity of TGF-
developmental defect in synaptic growth and functionsignaling at the Drosophila NMJ. It was previously pro-
and are late pupal lethal. Hypomorphic, adult viable,posed that wit functions as a presynaptic receptor for
mutations show reduced viability (our unpublished data)a retrograde TGF- signal at the Drosophila NMJ. We
and altered apoptosis in the CNS (Nakano et al., 2001).confirm that the type I receptors tkv and sax are neces-
Associated with these deficits is the accumulation ofsary for normal synaptic growth, and we confirm that
ceroid lipid pigment and GM2-ganglioside-like substancepMAD staining in the CNS is dependent not only on wit,
in neurons (Nakano et al., 2001; Usui-Aoki et al., 2002).but also requires sax (Aberle et al., 2001; C. Goodman
In humans, there are a large number of lysosomaland B. McCabe, personal communication ). There are
storage disorders that cause severe neurodegeneration,many remaining questions, including the possibility that
including Battens Disease, the most common childhoodTGF- signaling at this synapse is more complex than
onset neurodegenerative disease (Mitchison and Mole,previously thought. An interesting possibility, based on
2001). The parallels between spin and Battens Diseasethe partial requirement of spin postsynaptically, is that
are extensive, including ceroid lipid accumulation andthere also exists anterograde or autocrine TGF- signal-
the presence of characteristic electron dense profilesing at this synapse that is involved in synaptic growth
within neurons. In addition, many known Batten Diseaseregulation.
genes are lysosomal proteins (Mitchison and Mole,
2001; Isosomppi et al., 2002). There are many hypothe-The Logic of Synaptic Growth Control
ses to explain the cause of neurodegeneration with re-In Drosophila and vertebrates, the growth of the NMJ
spect to endosomal/lysosomal malfunction, generallykeeps pace with the growth of the postsynaptic muscle
dealing with inappropriate protein trafficking (Cataldocell (Davis and Goodman, 1998a). What is the logic of
et al., 1996; Liscum, 2000). Our data suggest that alteredthe underlying signaling that achieves the precise regu-
endosomal/lysosomal function, either pre- or postsyn-lation of nerve terminal growth? It has long been hypoth-
aptically, can have another important consequence—esized that the regulated release of growth factors from
the misregulation of potent and possibly diverse inter-the target muscle instructs presynaptic growth. In this
cellular signaling systems.model, the amount of released growth factor determines
the extent of growth. An alternate possibility is that
Experimental Proceduresgrowth inhibitory factors exist and that synaptic growth
is achieved by the balance of growth-inhibitory and Fly Stocks
growth-promoting signals. For example, the downregu- The listed fly strains were obtained from the following sources:
l(2)k09905 from BDGP; l(2)10403, Df(2)Jp4, yw;Ki,2-3 fromlation of synaptic cell adhesion molecules can promote
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Bloomington; and EP(2)0822, EP(2)2363, and EP(2)0645 from Exe- by standard methods. Dip1 and Dip2 were cleaved from GST using
thrombin and a total of 2 mg of a combination of the peptideslixis. The CyO-GFP balancer chromosome was used to select mutant
larvae. Spin-GAL4 was obtained from Zoltan Asztalos (Cambridge). injected into guinea pigs (Strategic Biosolutions). Antibodies were
affinity purified against the Dip1- and Dip2-GST fusion proteins.UAS-spin-GFP and UAS-spin were generated as described below.
The following GAL4 lines were used: MHC-GAL4, elav-GAL4, D42-
GAL4, and tubulin-GAL4. The following TGF- receptor alleles were Tissue Culture
used in combination with spin4/spin5 to test genetic interactions: HeLa cells were grown in COS media supplemented with 10% fetal
tkv7/tkv16713, sax4/Df(2R)sax, and witA12/witB11. Heterozygous allelic calf serum on poly-lysine cover slips. Cells were transfected at
combinations were as follows: spin4/spin5 with sax4, tkv7, and witA12. 60%–80% confluence using 1–1.5g of pCMV-spin-myc-GFP in 100
Experiments examining the function of dad were performed using l of serum-free medium with 10 l of lipofectamine (Life Sciences).
dad271-68/dad271-68. Cells were washed and fixed for 20 min in 4% paraformaldehyde in
PBS followed by washing in PBS. Fixed cells were permeabilized
Generating a Null Allele of spin by dipping in ice-cold methanol after which they were stained with
Male recombination as described by Preston et al. (1996) was used anti-LAMP1 antibody which was visualized using 1/200 dilution of
to delete sequence flanking EP(2)0822. EP(2)0822 was recombined goat anti-mouse TRITC-conjugated secondary antibody (Jackson)
onto a chromosome containing If- and Sp-dominant markers. Males
of the genotype If, EP(2)0822, Sp/; Ki,2-3/ were crossed to a Microscopy
yw females and the resulting progeny screened for If eyes. 18 Three-dimensional optical reconstruction of the NMJ was achieved
potential recombinants were isolated and tested, first for failure to using a Ziess 200M inverted microscope outfitted for 3D deconvolu-
complement l(2)k09905 and second for deletion of flanking DNA by tion microscopy (Intelligent Imaging Innovations-3I). Optical sec-
PCR. Three of the recombinants were found to have regions of spin tions were taken at 0.2m intervals, deconvolved using constrained
deleted from the 5	 end of EP(2)0822, including spin2B, which was iterative deconvolution algorithms (3I), and viewed with 3I software
found to delete approximately 5 kb of the spin locus from the pre-
dicted translation start site, removing all of the coding region con- Electrophysiology
tained within the 1st exon which includes the N-terminal and first Quantal analysis was performed as described previously (Davis and
transmembrane domain of the protein. Goodman, 1998b). Larval recordings were performed in modified
HL3 physiological saline. Quantal content was determined by divid-
Immunocytochemistry ing the average EPSP amplitude by the average spontaneous minia-
Wandering third instar larvae were dissected in Ca2-free saline ture EPSP amplitude (determined by analysis of more than 100
(Stewart et al. 1996), fixed in 3.7% formaldehyde/PBS for 7 min and events per recording). Recordings were accepted for analysis with
stained with combinations of primary antibody that were visualized input resistances of at least 5 M
 and a resting potential of at
using TRITC, FITC (Jackson labs), or Cy5 (Chemicon) labeled sec- least 60mV.
ondary antibody at 1/200 dilution. Primary antibodies were used at
the following dilutions: anti-Synapsin 1/10 (Erich Buchner), anti- Acknowledgments
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